Deciphering the contribution of genetic instability in somatic cells is critical to our understanding of many human disorders. Myotonic dystrophy type 1 (DM1) is one such disorder that is caused by the expansion of a CTG repeat that shows extremely high levels of somatic instability. This somatic instability has compromised attempts to measure intergenerational repeat dynamics and infer genotype -phenotype relationships. Using single-molecule PCR, we have characterized more than 17 000 de novo somatic mutations from a large cohort of DM1 patients. These data reveal that the estimated progenitor allele length is the major modifier of age of onset. We find no evidence for a threshold above which repeat length does not contribute toward age at onset, suggesting pathogenesis is not constrained to a simple molecular switch such as nuclear retention of the DMPK transcript or haploinsufficiency for DMPK and/or SIX5. Importantly, we also show that age at onset is further modified by the level of somatic instability; patients in whom the repeat expands more rapidly, develop the symptoms earlier. These data establish a primary role for somatic instability in DM1 severity, further highlighting it as a therapeutic target. In addition, we show that the level of instability is highly heritable, implying a role for individual-specific trans-acting genetic modifiers. Identifying these trans-acting genetic modifiers will facilitate the formulation of novel therapies that curtail the accumulation of somatic expansions and may provide clues to the role these factors play in the development of cancer, aging and inherited disease in the general population.
INTRODUCTION
Genetic variation contributes directly to normal variation and disease. New mutations are the ultimate source of such variation, but de novo mutations in humans are generally very rare and very little is known about individual-specific mutational dynamics (1) . In contrast to the marked stability of most of the genome, the expanded simple sequence repeats associated with a number of inherited disorders including myotonic dystrophy and Huntington disease mutate at high frequency in both the soma and germline (2, 3) . The dynamic nature of these loci thus provide a unique route to investigating mutational dynamics in man.
Myotonic dystrophy type 1 (DM1), a clinically highly variable autosomal dominant inherited disorder, affects individuals of both sexes and all ages (4) . The mutation responsible for DM1 is the expansion of an unstable CTG trinucleotide repeat located in the 3 ′ -untranslated region of the DMPK gene (5 -7) and in the promoter of the downstream SIX5 gene (8) . Affected DM1 patients present with expansions from 50 to up to several thousand repeats (7) . Longer alleles are associated with a more severe form of the disease and an earlier age of onset (9 -11) . In patients, the rate of length change mutation at this locus approaches 100% in the germline (12) with a major expansion bias (10, 13, 14) . This causes striking anticipation, where the age of onset typically decreases by 25-35 years per generation (15) .
The DM1 repeat is also somatically highly unstable in a pathway that is expansion-biased, age-dependent and tissuespecific (12, (16) (17) (18) (19) (20) . Notably, the repeat length is always much larger in muscle DNA than that observed in blood (12, (18) (19) (20) (21) . Given that longer repeat lengths are associated with more severe disease, it seems rational to assume that the expansion-biased, age-dependent and tissue-specific nature of somatic instability contributes toward both the tissue specificity and progressive nature of the symptoms. Attractive and logical as this hypothesis is, there are no direct data to support it.
Traditionally, DM1 is diagnosed by sizing the CTG repeat using restriction-digested genomic blood DNA and Southern blot hybridization, or a bulk PCR, using many thousands of cells worth of DNA. Using these approaches, the expanded allele frequently presents as a broad smear from which it is possible to estimate only the modal allele length. With these methods, the measured allele length typically accounts for only 20-40% of the observed variation in age of onset (22 -24) . Furthermore, correlations with specific symptoms are often worse, or undetectable (25) (26) (27) . Similarly, measuring the allele length in muscle provides an even worse genotype-phenotype relationship than that observed with blood DNA (21) . With measured allele length accounting for ,50% of the variation in age at onset, it remains possible that allele length is not the major modifier of disease severity and that another factor contributes to more of the variation in age at onset. Such is the limited prognostic accuracy of the measured allele length that the International Myotonic Dystrophy Consortium recommend that patients are offered no prognostic information based on the current test (28) , limiting the ability of patients to make informed lifestyle and reproductive choices. In fact, some diagnostic laboratories now only use a repeat-primed PCR (29)-based approach that provides no size estimation at all, but rather a simple 'present'/'absent' result for an expanded allele, which translates into a simple binary 'yes'/'no' disease diagnosis.
One explanation proposed for the poor genotype -phenotype correlations in DM1 is that above the lower diseasecausing threshold of 50 repeats, there is another upper threshold beyond which increasing repeat length makes no additional contribution toward age at onset (30) (31) (32) . Prompted by their observation that DMPK transcripts become trapped in the nucleus beyond 80-400 CUG repeats (33), Hamshere et al. (30) reinvestigated the relationship between age at onset and repeat length. Using average repeat lengths measured by traditional Southern blot of restriction-digested genomic DNA and excluding congenital cases (due to the additional constellation of symptoms observed in this group), they observed a transition point around 143 repeats, beyond which increasing repeat length appeared to make no additional contribution toward age at onset (30) . Likewise, Savic et al. (31) revealed a similar threshold of 250 repeats (the average allele length measured using a small-pool PCR) in a cohort of patients who did not contain congenital cases-a result which appeared to be confirmed by Hsaio et al. (32) (the average allele length measured using PCR). These data suggest the existence of a saturable disease pathway or molecular switch such as complete nuclear retention of the mutant DMPK transcript and/or the loss of expression of the downstream gene SIX5 (30) .
Previously, we used single-molecule-based small-pool PCR approaches to resolve the heterogeneous smear of CTG repeats in the DMPK gene into the discrete alleles present in individual cells (12) . This allowed us to provide a detailed quantitative measure of repeat length variation and reveal the underlying shape of the distributions. Typically, repeat length distributions for the mutant allele in blood DNA from patients present as highly positively skewed with a relatively sharp lower boundary, below which smaller alleles are relatively rare. This lower boundary is conserved between tissues and provides the best estimate for the inherited or progenitor allele length (12) . It is our hypothesis that previous genotype -phenotype correlations have been compromised by failure to take into account the age-dependent, expansionbiased nature of somatic mosaicism. We hypothesized that estimating the progenitor allele length would significantly improve the inverse correlation with age of onset over the traditional modal length measure, as it greatly reduces the confounding effects of somatic instability. We also hypothesized that individual-specific rates of somatic expansion will also impact on disease severity, and that individual-specific variation in expansion rates might cluster within families and be inherited as a quantitative genetic trait. Thus, we sought to estimate the progenitor allele length and measure the total level of allelic variation in the blood DNA of large numbers of DM1 patients in order to quantify the role of the progenitor allele length and age at sampling in generating somatic variation, relate these to disease severity and investigate whether variation in somatic instability is heritable.
RESULTS

Estimated progenitor allele length is the major modifier of age of onset in DM1
In order to test the hypothesis that the progenitor allele length is the major modifier of DM1 onset, we performed five smallpool PCRs per individual in a large population of symptomatic DM1 patients (n ¼ 137) with approximately 30-50 genomic equivalents of DNA per reaction. From these, we used the lower boundary of the distribution to estimate the progenitor allele length (12) (see Supplementary Material, Fig. S1 ), and conducted a series of regression analyses. The logarithmic Fig. 1 ). When compared with the modal allele length measured via a traditional Southern blot analysis of restriction-digested genomic DNA/bulk PCR analysis, available for 82 individuals in the cohort, a sample-matched analysis showed that the estimated progenitor allele length explained a greater amount of variation in age at onset (adjusted r 2 ¼ 0.523, P ,, 0.0001) compared with the modal length (adjusted r 2 ¼ 0.405, P ,, 0.0001) (Supplementary Material, Fig. S2 ). We then used the estimated progenitor allele length in our full cohort to test for the existence of a previously reported (30) (31) (32) threshold around 200 repeats [an average of the 143 repeats suggested by Hamshere et al. (30) , and the 250 repeats suggested by Savic et al. (31) and Hsaio et al. (32) ], beyond which increasing allele length appears to no longer contribute toward age at onset. We found a highly statistically significant relationship between the log-estimated progenitor allele length and variation in age of onset both below a threshold of 200 repeats (adjusted r 2 ¼ 0.737, P , 0.0001) and above a threshold of 200 repeats (adjusted r 2 ¼ 0.163, P , 0.0001) (Fig. 1 ). This result was robust to the precise position of the threshold, as correlations between age at onset and the estimated progenitor allele length remained statistically significant throughout a range of possible thresholds from 100-300 repeats (Supplementary Material, Fig. S3A and Table S1 ). Indeed, the absence of a detectable upper threshold remained significant (Supplementary Material, Fig. S3B and Table S1 ) even when excluding congenital cases as in previous analyses (30 -32) . Nonetheless, although the relationship remained highly significant above the putative threshold, the coefficient of correlation for longer alleles was much lower than that observed for shorter alleles and the regression line less steep (Fig. 1) . Indeed, examination of the relationship between the progenitor allele length and age of onset showed that despite a logarithmic transformation, the data appeared to have nonlinear components (Fig. 1 ). Therefore, we tested both quadratic and exponential models of the estimated progenitor allele length. Further variance was explained with these models (quadratic, model 2: adjusted r 2 ¼ 0.699, P , 0.0001; exponential, model 3: adjusted r 2 ¼ 0.711, P , 0.0001; Table 1 , Fig. 1 ), indicating an additional, non-linear component to the relationship between age of onset and the estimated progenitor allele length.
Age at sampling and progenitor allele length synergistically modify the level of somatic instability
To investigate the dynamics of somatic mosaicism, the spectrum of DM1 alleles present in blood DNA was quantified using single-molecule small-pool PCR (see Supplementary Material, Fig. S4 ). We sized the repeat length in at least 100 expanded alleles from each of 136 individuals (14 asymptomatic and 122 symptomatic) (Supplementary Material, Table S2 ). The total data set comprised of 19 247 individually sized variant alleles. After accounting for the estimated progenitor allele length of the sampled individuals, and allowing for a 5% error margin, we estimated that at least 17 800 of these alleles represent de novo somatic mutants. For each individual, the degree of somatic instability was defined as the range between the 10th and 90th percentile of the allele length frequency distribution. This score represents a quantitative measure of somatic instability. However, given the The table shows the adjusted squared coefficient of correlation (adjusted r 2 ), statistical significance (P) for each model and the coefficient, standard error, t-statistic and statistical significance (P), associated with each parameter in the model (n ¼ 137). The coefficient provides an indication of the relative weight of the contribution of each parameter to the model and its associated standard error. The t-statistic and the corresponding P-value provide an indication of the statistical significance that the parameter is adding explanatory power to the model. Figure 1 . The estimated progenitor allele length is the major modifier of disease severity in myotonic dystrophy type 1. The graph shows the relationship between age of onset and the estimated progenitor allele length (CTG repeats) presented on a log scale. The straight solid line shows the regression line for all patients, using a linear model (model 1, Table 1 , adjusted r 2 ¼ 0.640, P ,, 0.0001, n ¼ 137), and the curved solid line an exponential model (model 3, Table 1 , adjusted r 2 ¼ 0.711, P , 0.0001, n ¼ 137). Linear regression with sub-groups of patients with the estimated progenitor allele length ,200 CTG repeats (left-hand side dashed line, adjusted r 2 ¼ 0.737, P , 0.0001, n ¼ 36) and those with ≥200 CTG repeats (right hand-side dashed line, adjusted r 2 ¼ 0.163, P , 0.0001, n ¼ 101) revealed no evidence for a threshold at 200 CTG repeats (vertical dotted line) above which progenitor allele length does not contribute toward age at onset.
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Human Molecular Genetics, 2012, Vol. 21, No. 16 dynamic nature of this locus, it is a measurement that is expected to change throughout the lifetime of an individual and be dependent on the progenitor allele length and the age at which a patient was sampled (16, 17) . We tested these hypotheses using a series of regression models ( Table 2 ). The estimated progenitor allele length explained a significant proportion of the variation in somatic instability (Table 2 , model 4, adjusted r 2 ¼ 0.644, P , 0.0001). Surprisingly, age at sampling alone was not significantly related (Table 2 , model 5, adjusted r 2 ¼ 20.005, P ¼ 0.60), suggesting a more complicated relationship with somatic instability, potentially including the progenitor allele length. As both factors are interrelated with respect to their relationship with somatic instability (16, 17) , we tested additional models that included both variables. This included a model with both variables (model 6) and another with both variables and an interaction term (model 7). Both models were a marked improvement (Table 2, model 6: adjusted r 2 ¼ 0.746, P , 0.0001; model 7: adjusted r 2 ¼ 0.759, P , 0.0001) over the single variable models. Lastly we tested whether factors in addition to a simple linear relationship were also present in this model by adding quadratic versions of both estimated progenitor allele length and age at sampling. With this addition, the coefficients for all parameters and indeed the model were highly significant (Table 2 , model 8: adjusted r 2 ¼ 0.890, P , 0.0001; Fig. 2 ), accounting for 89% of the variation in somatic instability.
The level of somatic instability is an additional modifier of age of onset of DM1 symptoms
Although it is clear that the progenitor allele length is the major modifier of disease severity in DM1, it seems reasonable to assume that the subsequent rate of expansion will also impact on age at onset. To test this hypothesis, we used linear regression to investigate the relationship between the standardized residuals of age of onset not accounted for by the estimated progenitor allele length (model 2, Table 1 ) and the standardized residuals of somatic instability not accounted for by age at sampling and the estimated progenitor allele length (model 8, Table 2 ) in the 122 symptomatic individuals for whom we had acquired detailed repeat length distributions. This analysis resulted in a statistically significant negative correlation between age of onset and somatic instability (adjusted r 2 ¼ 0.068, P ¼ 0.002) (Fig. 3) . This observation was confirmed by analyses showing that incorporating the The table shows the adjusted squared coefficient of correlation (adjusted r 2 ) and statistical significance (P) for each model, and the coefficient, standard error, t-statistic and statistical significance (P) (as described in Table 1 ), associated with each parameter in the model (n ¼ 136). Note that some parameters have coefficients of correlation that are opposite in sign to those expected. These are corrected by higher moments in the full model (e.g. log(age s ) in model 7, and log(age s ) and log(PAL) 2 in model 8) and probably reflect the non-random distribution of data due to the inherent sampling bias mediated by anticipation. Figure 2 . The estimated progenitor allele length and age at sampling are the major modifiers of somatic instability in DM1. The graph shows the relationship between the logarithmic transformation (base 10) of somatic instability, the estimated progenitor allele length (on a log scale) and the age at sampling (on a log scale) (n ¼ 136). The surface has been fitted to the data using multilinear regression analysis (model 8, Table 2 ).
Human Table 3 ) accounted for more variation in age at onset than progenitor allele length alone [models 9 (adjusted r 2 ¼ 0.486, P , 0.001) and 10 (adjusted r 2 ¼ 0.543, P , 0.001), Table 3 ]. In addition, analysis of the t-statistic for residual variation in somatic instability confirms that this parameter makes a statistically significant contribution to model 11 (Table 3 , t ¼ 23.11, P ¼ 0.0023). Finally, both an F-nested test (P ¼ 0.010) and a likelihood ratio test (P ¼ 0.008) comparing the nested models 10 and 11 confirmed that model 11 incorporating the residual variation in somatic instability explains a statistically significant greater amount of the variation in age at onset than the simpler model 10. These data reveal that individuals in whom the repeat expands more rapidly than average have an age of onset earlier than average.
The residual level of somatic instability is a heritable quantitative trait
After correcting for the two major modifiers (progenitor allele length and age at sampling), the residual variation in somatic instability represents an individual-specific measure of genetic instability. Individual differences in the level of somatic instability might be attributable to genetic modifiers and might therefore be expected to be heritable. Of the 136 individuals in whom we derived detailed repeat length distributions, 89 were part of 21 families and formed 51 sibling pairs. Using the quantitative transmission disequilibrium test [QTDT (34)], we estimated the sib-pair intra-class correlations for residual somatic instability to be 0.28 (P ¼ 0.04). We then used QTDT to partition this variation and yield a heritability estimate. The variance was partitioned into additive genetic (V g ), non-shared environment (V e ) and shared environment (V c ). The analysis yielded the estimates of V g or heritability ¼ 0.42, V e ¼ 0.58, V c ¼ 0, establishing residual somatic instability as a heritable quantitative genetic trait.
DISCUSSION
The expanded CTG repeat at the DM1 locus is one of the most unstable sequences in the human genome, with male germline length change mutation rates often in excess of 95% (12, 35) . The expanded DM1 repeat is also highly unstable in the soma, and mutations appear to accumulate through multiple small-length changes that are tissue-specific, age-dependent and expansion-biased (12,16-21,36) . The traditional diagnostic measure of expanded allele length is derived by Southern blot analysis of restriction-digested genomic blood DNA and takes no account of the dynamic nature of CTG repeat somatic instability. Although inversely correlated with age of onset, the allele length thus measured typically accounts for only 20-40% of the variation in age at onset (22) (23) (24) , and does not provide clinically relevant prognostic information (28) . However, because of the extensive somatic mosaicism, the mutant allele presents not as a discrete band, but as a heterogeneous smear from which it is possible to identify only the modal allele length and which increases in size as the patient ages (16, 17) . It was our hypothesis that the primary factor contributing to the poor genotype -phenotype correlations in DM1 was the failure to take into account agedependent somatic expansion. We thus used small-pool PCR to estimate the progenitor or inherited allele length, as it is independent of age at sampling (12) . These analyses revealed that the estimated progenitor allele length is indeed the major modifier of disease severity in DM1 accounting for 64% of the variation in age at onset in a simple log-linear relationship. This represents a major improvement over the traditional Southern blot analysis of restriction-digested genomic DNA. Notably, however, the relationship between the estimated progenitor allele length and age at onset appears to extend beyond the simple log-linear, as evidenced by an improved fit using either a quadratic or an exponential nonlinear model. Indeed, the exponential fit accounts for 71% of the variation in age at onset, similar to the prognostic value of repeat length measures in the polyglutamine expansion disorders such as Huntington disease and spinocerebellar ataxia types 1, 2 and 7 (37-40) in which somatic instability in peripheral tissues is very low (41) (42) (43) and identification of the progenitor allele is usually less problematic. Interestingly, a similar non-linear relationship has been observed in Huntington disease, where the correlation between log repeat length and age of onset differs for juvenile and adult onset patients (44) . Such non-linear components may explain why some previous DM1 studies observed an apparent threshold at around 200 repeats, above which no significant correlation between age of onset and allele length was detected (30) (31) (32) . However, these studies will have also been compromised by age-dependent somatic expansion, with longer alleles more susceptible to age at sampling effects. The existence of such a threshold would have major implications for the pathogenic mechanism in DM1, implicating a saturation effect or the existence of an all-or-nothing molecular switch at the threshold (30) . However, when corrected for the age at sampling bias, we found no evidence for a threshold above which repeat length has no influence on age at onset, suggesting the absence of such a simple binary switch. Nonetheless, the nonlinear nature of the age at onset versus repeat length Figure 3 . Residual variation in age at onset is inversely correlated with residual variation in somatic instability. The graph shows the relationship between standardized residual variation for age of onset (model 2, Table 1 ) and standardized residual variation data for somatic instability (model 8, Table 2 (48) beyond this point. Of course, however, it is important to consider that the repeat lengths that will be present in the affected tissues at onset will be much longer than those inherited. As discussed, genotype -phenotype relationships using the traditional approach are so poor that the International Myotonic Dystrophy Consortium has recommended that patients are simply provided with a 'yes' or 'no' diagnosis (28) . Here, by estimating progenitor allele length, we have been able to provide significantly more accurate genotype-phenotype relationships. We have also shown these genotype -phenotype relationships can be even further improved by incorporating a measure of the individual-specific mutational dynamics. We hope these insights will ultimately lead to the introduction of more informative prognostic testing for patients and families. Of course, there are legitimate concerns regarding the feasibility of extending these types of analyses to the diagnostic laboratory. However, although small-pool PCR per se is not a standard diagnostic test, the component procedures, PCR and Southern blot hybridization currently are. The progenitor allele length can be estimated using a few replicate PCRs with 180-300 pg of DNA. Thus, estimating progenitor allele length should be within the existing expertise of many clinical genetics diagnostic laboratories and would represent no greater effort than is currently expended on genetic tests for other disorders where multiple exons are amplified and sequenced. A full-scale quantitative analysis of the repeat length distribution within a patient would represent a greater investment and is probably not currently a realistic proposition for diagnostic laboratories. Recently, alternative highthroughput approaches to quantifying somatic instability in Huntington disease transgenic mouse models have been reported (49, 50) . These approaches have been based on the use of fluorescently labeled primers and fragment length analysis using automated DNA-sequencing-type apparatus and the GeneMapper software. This approach can be applied to relatively small expansions, but cannot be used to quantify instability in large expanded alleles [.200 repeats (51, 52) ] as are frequently observed in DM1 patients. However, rapid advances in sequencing technology, in particular those based on long singlemolecule reads (53, 54) , are likely to lead to alternative highthroughput approaches to estimating the progenitor allele and measuring somatic mosaicism that will reduce the barriers for wider implementation in the not-too-distant future.
Here, we have estimated the progenitor allele length and measured repeat dynamics in blood DNA. Blood DNA is an obvious source of DNA for establishing genotype -phenotype relationships since its acquisition is minimally invasive and blood appears to be one of the tissues in which the DM1 repeat remains most stable and hence should be a good source for estimating the progenitor allele length. Nonetheless, a considerable degree of repeat length variation is observed in blood DNA, and the lower boundary of the distribution of the DM1 repeat observed remains only an estimation of the progenitor allele length. Although biased toward net expansion overall, it is clear that somatic cells can acquire contractions (36) and it is likely that, in some younger individuals, the lower boundary of the distribution may drop below the progenitor allele. Conversely, in some older individuals with larger alleles, it is possible that the DM1 repeat in all cells may have expanded beyond the progenitor allele length. We are currently developing new objective computational modeling approaches to estimating the progenitor allele length based on repeat length distributions (36) , but these are dependent on a detailed analysis of repeat length variation within an individual.
As discussed above, analysis of blood DNA remains the tissue of choice for estimating progenitor allele length. The table shows the adjusted squared coefficient of correlation (adjusted r 2 ) and statistical significance (P) for each model, and the coefficient, standard error, t-statistic and statistical significance (P), associated with each parameter in the model (as described in Table 1 ). Models 9 and 10 are equivalent to models 1 and 2 in Table 1 , but the coefficients are slightly different as this data set is slightly smaller (n ¼ 122) than the total data set used in Table 1 (n ¼ 137). The patient data used for these analyses (n ¼ 122) do not include a subset of old patients with small expansions and very young patients in whom the levels of acquired somatic mosaicism are very low. As these patients are at the extremes of the age of onset distribution, their omission serves to reduce the observed coefficients of correlation with age at onset. Nonetheless, these analyses still reveal that the inclusion of the standardized residuals of somatic instability (model 11) significantly increases the degree of variation in age at onset explained. Note that some parameters with coefficients of correlation opposite in sign to those expected are corrected by higher moments in the full model (e.g. log(PAL) 2 in models 10 and 11) and probably reflect the non-random distribution of data due to the inherent sampling bias mediated by anticipation.
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However, it must be recognized that the hematopoietic system is not a primary target in DM1 pathogenesis and it seems unlikely that the dynamics of somatic instability in hematopoietic stem cells are having a major impact on the age at onset or disease progression. Rather, we envision a scenario where it is the somatic expansion of the CTG repeat in the primary affected tissues, such as muscle, that is crucial in mediating disease onset and subsequent progression. We assume that symptoms become detectable when a sufficient proportion of cells have acquired sufficiently long repeats that the combined level of dysfunction at the cellular level is reflected in performance at the tissue level. We therefore rationalize the demonstrated utility of the estimated progenitor allele length in predicting age at onset as a function of largely deterministic expansion dynamics in which alleles expand toward the symptomatic threshold at a predictable rate over time in the affected tissues primarily driven by repeat length, as discussed by Kaplan et al. (55) . We interpret the role that individualspecific modifiers of somatic instability play similarly. That is, that the rate of expansion toward the disease threshold in affected tissues is modifiable by individual-specific factors, and that these factors are at least partially shared between hematopoietic stem cells and the affected tissues. To further understand these relationships it would clearly be highly desirable to monitor repeat dynamics in one of the affected tissues and relate this to dysfunction in that tissue over time. Unfortunately, there are few detailed longitudinal natural history studies in large DM1 patient populations, and repeat lengths in most tissues other than blood, and particularly in affected tissues such as muscle, are often many thousands of repeats in size (18) (19) (20) (21) , and beyond the length that can be reliably quantified using small-pool PCR approaches (approximately 1500 repeats).
Here we used single-molecule PCR techniques to derive detailed CTG repeat allele length distributions in 136 DM1 patients, characterizing over 17 000 de novo somatic mutations. As expected, these data show that the rate at which somatic mutations accumulate is highly dependent on allele length. This presumably reflects a greater propensity for longer alleles to adopt the slipped strand DNA structures that are the assumed mutational intermediates (56) . Interestingly, simple regression analysis with age alone failed to reveal a significant correlation with the level of somatic mutation. This most likely results from the extreme sampling bias in DM1 families in which more severely affected individuals with larger alleles tend to be sampled at a much younger age than more mildly affected individuals with smaller expansions, confounding our ability to detect an age effect. Nevertheless, using multivariate analyses, age was confirmed as a major factor in modifying the level of accumulated mutations and clearly interacts synergistically with allele length. Overall, allele length and age at sampling explain 89% of the observed variation in somatic instability.
The residual variation in somatic instability, not accounted for by allele length and age at sampling, reflects individual-specific differences in the rate of accumulation of mutations. If somatic expansion contributes directly toward disease progression, then we would predict that these individual-specific differences in mutational dynamics would be reflected in disease severity. Here we have provided the first direct evidence in DM1 that this is so, establishing a statistically significant (P ¼ 0.002) inverse correlation between residual variation in age of onset and residual variation in somatic instability. Put simply, these data reveal that individuals with below-average rates of expansion tend to get the disease later than expected and vice versa. These observations reveal somatic instability as an important modifier of the disease pathway and help to further compensate for the age at sampling effects compromising the utility of modal allele length in explaining variation in age at onset. However, it is important to note that the magnitude of the influence detected was relatively modest; residual somatic instability accounted for 7% of the residual variation in age at onset. Nonetheless, this remains a critical insight, and given the difficulties of assigning an age at onset to a patient and the confounding effects of somatic mosaicism and age at sampling on estimating the progenitor allele and quantifying somatic instability, and the measurement of somatic instability in a non-target tissue, it seems likely that this very much represents an underestimate of the true role. These observations therefore validate repeat expansion as a therapeutic target in DM1 (3) . Recently, analysis of the levels of CAG repeat mosaicism in postmortem cortical DNA samples of Huntington disease patients revealed some evidence for a similar effect: patients with extreme early onset having repeat length distributions skewed toward larger alleles (57) . These observations suggest that somatic expansion likely contributes to disease progression in other disorders associated with unstable expanded microsatellite loci, as is predicted from the nature of the relationship between allele length and age at onset (55) .
Individual-specific differences in the level of somatic instability are likely to be attributable to individual-specific environmental or genetic factors. Here, we have demonstrated a high level of familial clustering of residual somatic variation that indicates that some of the underlying variance can be attributed to heritable genetic variation. Our sib-pair analysis yielded evidence for familiality, and the heritability analysis suggested that 40% of the variance in somatic instability can be attributed to additive genetic factors. It is possible that some of the familiality is associated with cis-acting genetic factors. Indeed, we have previously demonstrated the stabilizing effect of CCG and CGG variant repeats within the DM1 array (58) . In this study, we screened for the presence of such variant repeats and excluded individuals carrying them from the analyses. Effectively, all DM1 expansions are found on the same conserved haplotype (59), greatly reducing the likelihood that the heritability of somatic instability is mediated by flanking sequence polymorphisms. However, we cannot formally exclude the existence of unknown newly arisen sequence or epigenetic variants in the DM1 population. Nonetheless, it seems probable that most of the variation is likely to be attributable to trans-acting genetic factors. The most obvious candidates for trans-acting modifiers of instability are components of the DNA mismatch repair pathway. The Msh2 (60), Msh3 (61) and Pms2 (62) mismatch repair genes have all been shown to be critical for generating somatic CTG †CAG repeat expansions in mice. Identification of the genetic modifiers of somatic mosaicism will provide insights into the molecular mechanism(s) of expansion and identify new targets for therapeutic intervention in DM1 and related
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Human Molecular Genetics, 2012, Vol. 21, No. 16 unstable microsatellite disorders. More immediately, a greater understanding of the genotype -phenotype relationship in DM1 will facilitate genetic stratification and reduction of cohort variability in the clinical trials that are likely to be initiated in the not-too-distant future following on from recent successes in animal models of DM1 (63, 64) .
MATERIALS AND METHODS
Patient samples
Genomic DNA from all individuals in the sample was purified from peripheral blood leukocytes, using phenol -chloroform extraction and proteinase K. Because of the potential confounding effects of variant repeats within the CTG array on the disease phenotype (58, 65 ), all patients were tested for the presence of CGG and CCG variant repeats (Couto et al., unpublished observations) and individuals with variant repeats excluded. We also identified two individuals who presented three main alleles, one normal (,50 repeats) and two expanded alleles (.50 repeats). The presence of two expanded alleles in blood is assumed to reflect an early embryonic mutation event (66, 67) . Because of the difficulty in defining a progenitor allele length or assigning somatic variants to the appropriate allele in such individuals, these two cases were also excluded from the analyses.
Modal allele size determination
The number of CTG repeats was determined using the traditional method of sizing the most intense region of the expanded allele smear, visualized via a Southern blot hybridization of either restriction-digested genomic peripheral blood DNA or a bulk DNA PCR.
Small-pool PCR
Small-pool PCR analysis was performed using oligonucleotide primers DM-C and DM-BR as previously described (12, 68) . For estimating the progenitor allele length, five replicate reactions with 180-300 pg of genomic DNA were performed and the progenitor allele estimated from the lower boundary of the distribution (12) (Supplementary Material, Fig. S1 ). For detailed quantification of the degree of somatic variation, samples were amplified with 10-70 pg DNA per reaction (Supplementary Material, Fig. S4 ) and at least 100 single expanded alleles per individual were sized. PCR products were sized using the Kodak Molecular Imaging software 3.5.4 (Carestream Health, Inc.). The single-molecule distributions generated for each individual are provided in the Supplementary Material, Table S2 .
Statistical analysis
Regression analyses were performed offline using commercial software packages (MATLAB v7.7, The MathWorks, Inc., Natick, MA, USA or SPSS Statistics, IBM, Armonk, NY, USA). For all the regression analyses, we have reported the adjusted r 2 values which incorporate a correction for the number of parameters included in the model facilitating direct comparison between the models. Genetic correlations and heritability estimates were acquired using QTDT, a general test package for the association of quantitative measures in nuclear families (34) . Note that 0.5 was added to all ages at sampling and ages at onset to allow log transformation of the data.
